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I. WOF RECENT
T)YIre ' wD..EOPMENTS,

SMechanical' Properties of Metals

J. L. Campbll May 10, 1966

C~ LOW-TEMPERATURE PROPERTIES IJL L -  
Tensile properties for specimens from 0.125-inch-

B thick sheet for each of these alloys are presented

Ain Table 3. The strengths of these alloys increase
fo Additional data on the properties of alloys as the testing temperature is reduced to -452 Ffor cryogenic ap,,1cation have teen reported.U,,

C . ynsmics/Convair.(1) The tensile-props while the ductility and relative notch toughness

data for these alloys as sheet (0.063 to 0.125-inch (Kthe low tmperatures. ducedstingOr the rX221-T81 alloyf -320at

thick) are summarized In able 1. The propertiesresult in se reduction of the notchdata of Alloy 718 and Ti-5A1-2. 5Sn (ELI) at -423 F ad-5 euti oerdcino h oc

toughness of the X7007-T6E136 alloy. Resistance to
reconfirm earlier oata for strength and ductility stress corrosion of the X2021-T81 alloy is relatively
of these alloys at very low temperatures. The TI- good, and this alloy has good weldability. The

6AI-4V (ELI) alloy has lower ductility and notch X7007-T6E136 alloy has relatively good stress-

toughness than the Ti-5A1-2.5Sn (ELI) alloy at -423 F. corrosion resistance in the longitudinal and long-

Of the three aluminum alloys in Table 1 the new transverse directions, but is susceptible to stress-

alloy, X2s2t-TSgt, apparently has higher yield corrosion cracking in the short-transverse direction

strength than the 2219-T81 and 7039-T64 alloys and at stress levels as low as 25 percent of the yield

exhibit: g:od ductility and notch toughness at strength. Weld tensile strengths are high for the

-423 F. The same report contains considerable data X7007-T6E136 alloy and approach 60 ksi.

from tests on cantei-notch and single-edge-notch

fracture-toghness specimens for these alloys at FRACTURE-TOUGHNESS TESTING
cryogenic temperatures. Because of the problems
associated with obtaining plane-strain fracture- Even though the single-edge-notch specimen

toughness data at very low temperatures, some of the has not been adopted as a standard-type specimen for

data do not comply with the usual requirements for fracture-toughness testingt significant data have

valid KIc data. been reported by the Naval Research Laboratory for

Tensile and fatigue data have been obtained A f? alloys for which this type of spec0men
on four nse l iuroet aly hat been o d was used. 4) The data are summarized in Table 4.

on four condidate liquid-rocket alloys at 70 F, The intent of the program was to evaluate the effect

-320 F, and -423 F (or -452 F) in a recent program of shallow side grooves on the KIc values obtained

at the Lewis Research Center.k2) Results of the ten- for single-edge-notch specimens. The side grooves

sile tests are sumarized in Table 2. The yield tended to suppress the shear lip formation on frac-

strengths, ultimate strengths, and notch strengths turing and thereby aided in the detection of plane-

were higher for these allo,-s at the low temperatures strain fracture initiation (pop-in). The data in

than at room temperature, except for the notch- Table 4 represent KIc values for a number of materials

tensile strength for the cold-rolled Type 301 stain- that are used at high-strength levels. The speci-

leas steel. Data for fatigue-strength-to-density mens were 1-inch thick, 5-inches wide, and 13-inches

ratios versus fatigue life are plotted for each of long.

the four alloys (at 70 F, -320 F, and -452 F) in

Figure 1. When plotted in this way, the Ti-5Al- In a recent report from Boeing, information

.5Sn alloy rates higher than the others over cer- on fatigue-crack propagation, residual strength,

tuin portions of the fatigue-life range. The fatigue and fracture toughness is presented for center-

tests were made by axial-tension loading at a cyclic notch panels in sheet and plate thlknesu6. f 7079

stress ratio R of 0.14. aluminum alloy in the underaged, peak aged (T6),

and overaged conditions.(
5
) The curves tor the num-

Pesults of an extensive research program ber of fatigue cycles for failure of 0.63-inch-thick

to develop an improved high-strength, high-toughness, panels based on the ratio for initiil applied stress

and weldable aluminum alloy tot cryogenic applica- intensity/critical plane-strain stress intensity

tions have been reported by Alcoa7.3) Nominal coa- (Ki/KIc) are shown in Figure 2. This kind of in-

positions of the two alloys that had the best pro- formation is applicable in estimating the fatigue

perties are as follows: life of crecked panels in service. The overaged

X7 panels had longer lives than comparable panels that

were uidaiaiad or peak aged (T6). Fracture-toughness
6.3% Cu 6.5% Zn data cn center-notch panels of 8, 12, and 36-inch

0.15% Cd 1.8% Mg widths are shown in Figure 3. For each panel width,

0.05% Sn 0.20% Mn the 0.50 and 0.63-inch-thick panels appeared to be

0.30% Mn 0.12% Cr thick enough to yield valid plane-strain fracture-

0.18% Zr 0.12% Zr toughness data for this alloy (36 to 40 ksi F!--.
0.10% V 0.10% Cu for longitudinal panels with the T6 aging treatment).
0.06% Ti 0.04% Ti
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IlL. 1. AVER5AGE TEOILSLE PI4 5TIES AT CRYOGENIC 0IMPFJ4TU45 S

0F AIJOlS AS SHUT 1)

Yld St7r",h, ST-.l0 o Eloo
9
. El .tl, U-netoh

Alo BUFF SEVIO[N ,ly 718 (Aq.) 75 L 161 192 2.6 3na c:1 1 164 194 21.8 31.0W.ATE ICIWI ........................ .Of t, St ,,77 1n25.. . 41. -
71 209 29.. 1.06L-0 L 194 246 22.4 31,8 1.03

1 192 245 21.0 - 1.02.. 3............................. - 208 275 72.5 9.9 0.97

Alloy 718 -.423 91.4 174 61.0 0.92

T 14 ' A ALA UliTY CO .2 1 .214 75 L 54.6 67.0 9.8 11.6 0.87At Alloy T 54.5 67.5 9.5 1).1 0.96AVAIL andfl 1ECIAL -110 I. 52 721 1. 102 0..0
58.1 71.9 11.0 11.2 0.97

-320 L 65.8 85.2 12.5 10.4 0.95
T 6.7 84.5 11.0 10.9 0.93

-423 L 73.8 101 14.0 12.0 0.92
ST70.3 99.4 15.0 12.0 -. 93

221g-T9 -423 L 67.4 9..6 15.9 11.9 0.91
Al Alloy 1 67.2 100 15.5 13.2 0.85

7039-764 -423 L 62.2 89.6 21.0 10.1 0.91Al Alloy 7 64.4 93.4 17.0 11.0 0.88

I-AI-2.5Sn -423 L 213 235 1.5 19.4 0.97
ELI) 4.I081.d T 210 233 17.6 19.0 0.91

Ti-6AI-d -423 L 246 256 3.5 20.0 0.77
(II I An.0. 1ed 7 49 254 2.0 19.6 0.75

(.) 36. 00516.4 AC6..5. 6.4 t  6.3.
center of the specimen had deflected to 3 inches be-rlE 2. AAA0 TINGA -1870 W- l .1 0100

W-ft-l" PUPR low the tops of the three support blocks. The ex-
tent and location of cracking was observed. the
lan steels developed substantially longer cracks

7,....., . . , ,,1. 97.0.,84 than the specimens of more highly alloyed steel.
0., , , - f.. These tests on weloed specimens of quenched-and-tem-

Al- -320 ".4 56.1 I., %.l pered steels are more indicative of relative tough--6 .6102 1 .. ness than tests on the parent metal which often-e, Ois .' does not have a well-defined transition teMerature.tAl .. .edI 7 1" 1. 3
2Q W1.. 214

1. 149 MECHANICAL PROPERTIES OF AJLUMINUM ALLOYS-4 - 0 24 l 19 18.4 L10

4 ,01 .0 118 , 4t.- d Tensile, compressive, shear, bearing, frac-4X, 7 2W 2.7 2.0 1,'U 33 U .7 1 ture toughness, and axial-load fatigue pro.erties_ 3 Xo I" of 143 lots of 2014, 2024, 6061, 7075, 7079, and

,,.1 ,0.,. ¢.. ,7178 aluminum-allo y extrustions have been reported,:j SI);; .,F . by Alcoa.(7) The range of thicknesses was 0.050 tod1 Solo 7041101.'41 7, . 6.500 inch, and the alloys represented several dif-
Additional data on the fracture toughness of to obtain data for design mechanical properties tables

aluminum alloys are presented in the next section. for use in MIL-HDBK-5. Values for tensile and com-pressive elastic moduli are as follows:
Two new testing techniques have been developed Alloy or Thickness, Elastic Modulus, psiat the Naval Research Laboratory for evaluating the Series inches Tensile Comressivetoughness of welds in quenched-and-tempered steel

plate.(6 ) Schematic presentations of these tech- 2000 All 10,800,000 11,000,000
niques are shown in Figures 4 and 5. Chariy data, 6061 Z 0.499 9,700,000 9,900,000drop-weight nil-ductility temperature (NDT) data, 6061 5 3.000 10,300,000 10,600,000and drop-weight tear-test data are included for 7000 All 10,400,000 10,700,000the quenched-and-tempered steels. Results of the Computed design mechanical properties for 7075-T651Xnil-ductility temperature tests indicated that there alloy extrusions are shown in Table 5 in +he uasilwas a substantial rise in the NDT when the notches MIL-HDBK-5 format. The values in parentheses arewere located at the fusion lines of welds of "lean- differences from the corresponding properties in theanalysis" quenched-and-tempered steels. In per- last revision of the Handbook. Similar tables areforming the drop-weight bulge tests, a 6-ton weight presented for the other alloys evaluated in the pro-was dropped from a height of 8 feet onto a soft 9,m. Average KIc data representing fracture togh-aluminum tup located at the center of the test spec- ness of the above alloys"(except 6061) as determinedmen. Specimens were cooled to a temperature of by the 5 percent secant offset method are shown in
30 F. Each specimen was subjected to repeated blows Table 6.
until visible cracking had occurred beyond thebrittle crack starter. The number of blows or the Since the aluminum alloys developed in theacctmilated energy to cause crack formation, the program and discussed in Reference 3 possess a de-length of the fracture, and the amount of defoma- sirable combination of properties, further evaluationstion required to produce fracturing are indications were conducted at Alcoa to obtain the tensile, com-of the relative toughness of the specimen. The pressive, shear, bearing, bend, and fatigue proper-ties as well as data on hardness, tear resistance,delta-specimen ests also were conducted at 30 F. and fracture toughness.(8) For these studies, the
Each specimen was continuously loaded until the alloys X2021-T81 and X7007-T6E36 were produced In

oMAN"
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Thi~k.... T T"".9. 0t.1 9-0, T-119J* . 2 14.d,.. S1..,
0.1.. .. = ... uii. 1.1 h. i n 2 ioolt

0=49 1.20.T L 4 72.0 90 0.7

-112 L 63 7. 10. 091
1 45.8 79.0 9.0 0.10

-32 L 15.7 W0. 10.6 0.10
1 73.0 92., N).0 0.f

-42 I. 0.0 97.0 9.0 09
S 20 11 9. 0.1.

Na L.042 so2 9 6. 73.7 10.9 1.00
T 49.1 70.8 12.0 1.AN
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1. 60.. 0.et .9. t..q9 . 1.57 72:;* 79.6~ 11.0 00 10

_33 L. 94.- -. 1.
Ti -- 1.2WU ". 12.5 N"

d5d .- hdolo

- WS Mo
--------- s -~ - --

IIt

*A m r

ta FIGURE 2. aruARISON OF K1 I/KI VERSs FATIGUE
j ~~~~~~C'CLES TO FAILURE FORO.3I&-TCX79 4D-

e'0 AGED ,PEAK-AGE (T6), AHD0 0JERAGED mATERIALSk~j

U3-... sheet and plate forms. Tensile properties of these
'n 1 lays are presented in Table 3. Average values for

elastic modulus are as followss
_____=___I____I______I______I_________ Tensile Compressive

4, .o -Modulus, modulus,

ad# Alloy Direction psi psi
X202l1481 L l0O,009O0 10,900,000

LlT 10,800,000 11,000,000

Ll-X7007-T6E136 L 10,400,000 10 ,600,000
T 10,400,000 10,700,000

%.~.Compressive yield strengths are equal to or greater

* .. ,. a..uii~~in .,..a * i~m.I (R = 0.0) for unnotched specimens are as follows:
Fatinue Limit. MaLFOW Wk~ CAN Alloy Shoot k

W U0h& -W ~I KL X22-T81 27 26
X7O07-T6ElrA 27 33FIGURE 1. 01WAARIS3N OF FATIGUE-STREtCTH-0..DENSITY Typical values for fracture toughness of these alloysRATIOS AT 70 F, 320 F, and 452 F(2) are as follows: KI

Alloy Direction kali=.l
X2021-TSI L 29

T 23
X7007-T6E136 L 45

T 37.5

9 * 4
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FIGURE 3. EFFECI OF PANEL THICKNESS AND WIDTH ON i

APPARENT CRIICAL-ST -ESS-INTENSITY FACTORS FOR
UNDERAGED, PEAK-AGED (T6), AND OVERAGED CENTER- I AA
NOTCH PANELS OF 7079 ALUMINUM ALLOY(5) l m,

(d) 124N.WIOE PANELS, ROOM TEMP.
TRANSVERSE ORAIN

TABLE 4. FRACTURE YUJUINESS DATA OBTAINED SJNG SINOLE-

E100-MD704 SPECIMENS 1.7904 H~ 7014)

TABLE 0. PRACtUE TOUGHNESS OF ALLIIT

Charm y V K
Y1Id 7eni0 1 n.

F-tct'.e SU7.ngth, Strolth, at 32 F. 1. Id. Nm0, old. FNo $I& "lth ldei
N m,.,ti.. 1.4 s.4 ft 11= 4..

Alloy and K-G! ksi rn.
Tmor Longitudinal TEenverso

71-6A4-4v(.) 132 150 25 109 106

1 -T--. A1_5Zr-IV (As feNVived) 
h  

124 131 17 91 99
T -EA I-QZ-2fo (b) 132 147 23 99 94 20l4.T6l0 30:1 26.4

I 1-6A1-4V-?5.(C) AM 130 141 24 79 90

-6-4Zr-2Sh,0.%1-0, 
(d )  

FI 118 131 to 21 110 20 . 5- 29.0 18.2-6 i -14r-2Sn-0. 5Mc-O. 5V( e 0 119 1 30 31D Ito 1 10

IL -6A I-4Zo-2So-C.5-0.SV(f) AM 121 129 27 131 124 775-T6510 2.0 23.6

AL&ahLAUM 7075-762 - 23.8
58.4 74.3 5 37 33 7075.-73510 34.2 26.3

7075-T6 11114. 71.4 3 3 32
707 -T735I N1 63.9 7.4 6 33 30 7079-T6510 30.9 29.2
'075-T7351 0 65.6 7.5 4 2 23 7019-T62 35.8 -

AL 71'8 -TV-10 21.9 21.0

A151 4140 (MA. hat t,*099ahnt) VIA 177 IN" 14 09 6 7178-T62 23.9 22.0
9N1-40¢-O2~C 1. re.eived). R 176 1"; 4 166 14 7118-T62 23.3 22.6

79140o0> ' 4t to..t 1- 196I 34 196 152 ______________________
.: . . 1,d _N 10 11 42 19 194

RW(N.L h.ot tr.499 ) U 176 191 36 143 13

1241 L hoot t-stlr .lnt) O 173 132 40 136 134
I nt N AS r 1.d) OR 1,7 103 42 I9S 20%

121 (A, e-.ved) a 177 183 47 201 212

r.rr. P; 1 Nt. h . .9 0D P 2 3r.
W1) 1475 I :'. i, * 1000 P 2 ho.

, 7U I ,l. ,."d 111 2 hr. FATIGUE TESTING IN VACUUM
() 1,' I I hr, Sri. ". 900 F 2 h.

MaU *do. ntCh. Io"Itkqldtdl ,,Cs,,. Current results from a program a+ Martin-
1h. M '49. nt~h 04 tEWt-4f0 Marietta for evaluating the effects of a vacuum

environment on the fstigue propertes of 1100 alu-
m'.nTm, 7075-T6 al minum alloy, TI-6AI-4V alloy, arKd
Armc¢o Iron have been reviewed in a recent report.09)

The fatigue data were obtained on constant-stress
reverse-bending tests for various combinations of
stress, frequency, temperature, and air pressure.
Typical curves for number of cyles to failure at
different air-pressure levels are shown in Figure 6.

i ~~~~ ~ ~ ~ ~ -77 - "-- _ II7- I"
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FIGURE 6. NUMBER OF CYCLES TO FAILU A

te shapes of the curves suggest that three different OF AIR PRESSURE FOR SPECIMENS OF 100 ALUMIUMM,
ragsexist dependtng on the pressure. The points 7O75-T6 ALi i~ M ALLOY, Ti-6A1-4V ALLOY, AND .
P ntecurves represent threshold pressures orA14t(0 IRONI9J

each material and indicate the transition from a
weak-vacuui effect to a strong-vacuum effect on the grwtn rates in the vacuum environment for the samefatigue properties. At someweht lower pressures,
there is a third range in which variations in pres- ables are illustrated in stereo mcrographs and
sure have less effect on the faiigue life. For 1100 electron fractograph. Discussions of theories that
almInum alloy, increasing the frequency of stress- have been proposed to explain the effects of a vacuum
ing at 3 x l05 torr decreases the fatigue life environment on the fatigue properties indicate that
while the fatigue life at aIospheric pressure was there is no agreement among investigators regarding
independent of the frequency from 33 to 95 cps. A the mechanisms. I
elevated teseratures, the effect of vacuum on thefatigue life is diminished (for 1100 aluminum). For SELECTED LIST OF NEW PRORM

S-N cstrves at normel temperatures, decreasing the FL Contract No. F33015-67-C1547,

air pressure tends to displace the curves to the Mechanisms of Fatigue in High Strengt', Materials,

right for unnotched and notched specimens. InMdwsRearhnttt.
analyzing crack-nucleation characteristics of the MiwsRearhI ttueabove alloys, the author noted that the first micro- Contract F41-605-67-A-6604, Evaluation ofcracks appeared in specimens of 1100 and 7075-T6 Fatigue Strengths of Coswrescor Blades and Vanes,aluinum at practically the same number of cycles
under both vacuum and atmospheric pressure condi- SotesRserhittte

tions for the respective alloys. For specimens of Contract NAS 3-10610-001, Low Cycle Fatiguethe Ti-6A1-4V alloy, however, microcrack formation Plastic Strain R~.nge vs. Numnber of Cycles to Failure
was delayed by the vacuu.. environment. In deter- for Tantalum, General Electric Company, Flight Pro-
mining the effect of th vacuum environment on crack pulsion Division.
piopagation. crack propagation was observed to be
slower in aluminum alloy specimens when exposed to Contract Nonr - 4433 (00), Research on "
the vacuuI than when exposed to normal air pressure. Material Failure Mechanism, SKF: Industries, Inc.Residual strengths of specimens precracked in a

vacuuI were higher than for cos. 1arable specimens Imusv odn. Contract P336i5-68-C1138,precracked in air. All of these factors were con- The Ballistic Behavior of Materials and Response of

sidered in discussing a proposed mechanism to ex- Materials to Impulsive Loading, University of Dayton
plain these conditions. The autth r ocu eehat Research Institute.the effects of vacuum on the fatigue properties of A
ietals are probably the result of "vacuum-induced Contract NAS 3-9439, Lon-Time Creep
Iechanical changes in the surface layer of a de- Data on Refractory Alloys, TRW, Incorporated.

EniomnalEfcs Contract Nornr-3363Effects of a vacuum environment on the (O0)-(F34, Behavior of Materials and Structures
fatigue properties of aluminum alloys so have been Under Certain Service Simulated Environents,stUdied st the Naval Research Laboratory.1,11) Of Southwest Research Inctitute.

particular interest is the data for crack growth rate l
in specimens of 2024-T3 alloy in air e nd t a pressure Steels for Motor Cases. Contract F33( 615)-of 2 tO 3 x 10- 6 tor as a function of the stress in- 66-03048, Process Evaluation for Large Solid Motor
tansity litude, & K. For these specimens the Cases Using HPu-4 Alloy, United Aircraft Corporation,
crack qrowth rates in air were three times the crack United Technology Center Division.

ri h fo Ioc e n o c e p c m n . I i w s e e r h I s i u e

a y c k lt characteristics-- --- --

abv a-i-I los the authorI ne tha th fis m icro-Co n
trc 1] ii 67A-6 i" , -Ev laio of i. i



TABLE 5. CPUTED DESIGN MECHANICA PROPERTIES OF 7075-T651X
ALIXINUM ALLOY EXTRUSIONS

M
(7)

Qpoo 3ctjoI& innd
A ........... __ a ,

Nscnwi e Propnties:

"LE,: .... (• . ) %.3 ;.) &.5 181 (. .,% .6) U(*.> 7840,-),c ...... ; *' 2 7

Th . .. . . ... 4

Par, Iml 1 I ],.4al2.18 *1

mmell era*1111 UU-31- -MM +__ 21+11 W N _

.2.:9 LO M*f& 19:9 3,031A .1-0 19 2 W * . 38 " A1*2 o.1

I ......... 2

ai BLW" In P"t*bali am dltfkefcs .. vamwa In NI3- -5, ouem Igor.

Data for 4.500-5.000 thicknesses omitted in this table.
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